Human genome sequencing has generated population variant datasets containing 7 millions of variants from hundreds of thousands of individuals 1-3 . The datasets show the 8 genomic distribution of genetic variation to be influenced on genic and sub-genic scales 9 by gene essentiality, 1,4,5 protein domain architecture 6 and the presence of genomic 10 features such as splice donor/acceptor sites. 2 However, the variant data are still too 11 sparse to provide a comparative picture of genetic variation between individual protein 12 residues in the proteome. 1, 6 Here, we overcome this sparsity for ~25,000 human 13 protein domains in 1,291 domain families by aggregating variants over equivalent 14 positions (columns) in multiple sequence alignments of sequence-similar (paralagous) 15 domains 7,8 . We then compare the resulting variation profiles from the human 16 population to residue conservation across all species 9 and find that the same tertiary 17 structural and functional pressures that affect amino acid conservation during domain 18 evolution constrain missense variant distributions. Thus, depletion of missense variants 19 at a position implies that it is structurally or functionally important. We find such 20 positions are enriched in known disease-associated variants (OR = 2.83, p ≈ 0) while 21 positions that are both missense depleted and evolutionary conserved are further 22 enriched in disease-associated variants (OR = 1.85, p = 3.3×10 -17 ) compared to those 23 2 that are only evolutionary conserved (OR = 1.29, p = 4.5×10 -19 ). Unexpectedly, a subset 24 of evolutionary Unconserved positions are Missense Depleted in human (UMD 25 positions) and these are also enriched in pathogenic variants (OR = 1.74, p = 0.02). UMD 26 positions are further differentiated from other unconserved residues in that they are 27 enriched in ligand, DNA and protein binding interactions (OR = 1.59, p = 0.003), which 28 suggests this stratification can identify functionally important positions. A different 29 class of positions that are Conserved and Missense Enriched (CME) show an enrichment 30 of ClinVar risk factor variants (OR = 2.27, p = 0.004). We illustrate these principles with 31 the G-Protein Coupled Receptor (GPCR) family, Nuclear Receptor Ligand Binding 32 Domain family and In Between Ring-Finger (IBR) domains and list a total of 343 UMD 33 positions in 211 domain families. This study will have broad applications to: (a) 34 providing focus for functional studies of specific proteins by mutagenesis; (b) refining 35 pathogenicity prediction models; (c) highlighting which residue interactions to target 36 when refining the specificity of small-molecule drugs. 37 38 39 Variant densities and the sparsity problem 40 Human sequencing projects are beginning to shed light on the patterns of genetic 41 variation that are present in human populations. 1,2 One way in which these studies 42 enhance the understanding of inter-individual variation is by characterising different 43 densities of single-nucleotide variants (SNVs) and short insertion and deletions (indels) 44 at different genomic loci. Analysis of large cohort variation datasets has revealed that 45 genes differ in their tolerance of non-synonymous and loss-of-function variation. 1,4 46 Within protein-coding genes, regions that encode protein domains are less tolerant of 47 non-synonymous variants than inter-domain coding regions and are more prone to 48 3 disease variants. 6 The 60,706 sample Exome Aggregation Consortium 1 study yielded 49 ~125 variants per kilobase, rendering a per nucleotide comparison impossible since 50 most single nucleotides have zero variants. Variant sparsity can also be addressed by 51 aggregating over pseudo-paralogous positions. For example, aligning nucleotide 52 sequences on start codons reveals that start codons have fewer variants than adjacent 53 sites, while the 5'-UTR is more variable than the CDS and every third base in a codon 54 variable. 2 These differences are observed because the pressures imposed by those 55 genomic features are common to each individual aligned sequence. 56 57 Residue resolution through protein family aggregation 58 Multiple sequence alignments (MSA) are a well established way to identify position-59 specific features in a family of homologous sequences. Figure 1A illustrates 60 schematically how an MSA containing multiple human paralogs can be used to 61 aggregate SNVs from multiple loci in a position specific manner. This process condenses 62 the sparse variant counts from single sequences into dense variant counts for the 63 domain family. Similar approaches have been adopted to identify low frequency cancer 64 driver mutations, 10-12 and find sites in domains where pathogenic mutations cluster. 13 65 To perform a comprehensive analysis of protein domains, germline variation data 66 retrieved from Ensembl 14,15 was aggregated with respect to the domain families in 67 Pfam. 8 Pfam contains 16,035 domain families and of these families 6,088 contain at least 68 one human sequence and 1,376 have at least five after adjusting for duplicate sequences 69 (see Methods). Figures 1B-C show that even though most human sequence residues in 70 Pfam domains have zero variants, after aggregation most Pfam domain family positions 71 have at least two variants. 72 73 4 74 Figure 1: Variant aggregation over protein family alignments. A. Schematic illustration of a protein family 75 alignment. Each line represents a human or non-human sequence and human sequences can have zero or 76 more variants (blue circles). Few variants are observed at each alignment position per sequence but the 77 column totals are larger. B. Distribution of variants per human residue in all Pfam sequences (2,927,499 78 missense variants, 8,264,091 residues; no filters applied). C. Distribution of variants per alignment column in 79 Pfam alignments (955,636 missense variants, 159,296 columns; includes only columns with at least five 80 human residues). 81 82 SNV density is correlated with evolutionary conservation 83 Accurate predictions of structure and function can be made from MSAs 16-18 because 84 these features impose constraints on accepted mutations in domain families. These 85 constraints can be inferred from patterns in residue conservation scores, 9 which 86 quantify the extent of residue or physicochemical property conservation at each 87 position in the alignment. In protein domain family MSAs, which can contain orthologs 88 103 interactions are common factors constraining both conservation and population 104
and paralogs in varying proportions, these scores are interpreted as the degree of 89 evolutionary conservation in each site of the domain family and are different to 90 conservation scores for alignments that contain only closely related orthologs because 91 of greater functional divergence. Throughout this text, the term evolutionary 92 conservation refers to the conservation of residues during domain family evolution and 93 accounts for orthologous and paralogous evolutionary process as captured in the Pfam 94 alignments. 95 96 Figure 2A shows the correlation between the domain family column variant counts and 97 the Shenkin divergence score (VShenkin) 19 in the SH2 domain family (PF00017). The 98 number of missense variants increases with increasing residue divergence (i.e., 99 decreasing conservation) whilst the frequency of synonymous variation remains Figure 3A shows 124 that with respect to ClinVar 20 variant annotations missense depleted columns have 125 higher rates of 'pathogenic' (Fisher OR = 2.83, p ≈ 0) and 'likely pathogenic' variants (OR 126 = 2.17, p = 1.9×10 -12 ) compared to other sites, indicating that diversity is suppressed in 127 positions that are critical for function. Variant enriched columns possess proportionally 128 more 'risk factor' variants (Fisher OR = 1.66, p = 0.017). This may suggest that there is 129 generally an increased chance of co-segregating phenotypic differences at sites with 130 relatively high population diversity.
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For comparison, Figure 3B shows the equivalent ClinVar association tests for columns 133 classified by their evolutionary conservation as measured by Valdar's score (CValdar). 9 134 For pathogenic variants, conserved vs. unconserved columns display the same 135 behaviour as missense depleted vs. enriched columns, which is concordant with 136 previous work and expected since most missense depleted columns are also conserved. 137 However, the column classification schemes yield almost opposite trends with respect 138 to the distribution of ClinVar risk factor variants. There is a slight tendency for risk 139 factor variants to occur more frequently in evolutionary conserved columns (OR = 1.47, 140 p = 0.194), which contrasts with their higher frequencies in columns that are relatively 141 enriched for missense variation. Figure 4A shows the distribution of ClinVar 154 annotated pathogenic variants between columns classified as unconserved-missense 155 depleted (UMD), unconserved-missense enriched (UME), conserved-missense depleted 156 (CMD) and conserved-missense enriched (CME). Conserved and unconserved columns 157 that are neither missense depleted or enriched, i.e. have an average number of missense 158 variants for the family, are also shown. It shows that: 1) all conserved sites are enriched 159 for pathogenic variants but CMD sites are more so (CME: OR = 1.24, p = 1.6×10 -5 ; CMD: 160 OR = 1.85, p = 3.3×10 -17 ) and 2) the UMD subset of unconserved residues are enriched 161 for pathogenic variants to an extent comparable to conserved residues (OR = 1.74, p = 162 0.02). The UMD classification identifies sites where residues have varied throughout the 163 evolution of the domain family but the specific residue adopted by each domain is now 164 under negative selection in human. This implies that residues in this column class could 165 be enriched for specificity determinants. A structural analysis of 270 UMD sites found in 166 160 families provides some support for this hypothesis. We compared these sites to 167 UME columns from the same families and found that UMD columns were enriched for 168 ligand, domain-domain and nucleotide interactions (OR = 1.59, p = 0.003) and tended to 169 be less accessible to solvent (OR = 1.73, p = 2.0 × 10 -04 ; Extended Data Table 1 ). Figure   170 4C illustrates an example of a protein family where UMD residues indicate known 171 ligand-binding sites. The Rhodopsin-like receptor family (PF00001) contains 11 UMD 172 sites, five of which occur in sequence in the centre of Helix 3 and form interactions with 173 ligands in many structures (e.g. residues in column 780 interact with ligands in 23 174 distinct proteins; Extended Data Glu370 that recent structural studies suggest is at the interface with Ubiquitin 22 and so 187 likely to be important in mediating this interaction. All other UMD classified sites can be 188 found in Supplementary Data Table 1 . Together, these findings show that human 189 missense variation can stratify unconserved alignment columns to identify a small 190 number of residues likely to be important for function and specificity. Another striking feature of residues in columns with discordant levels of evolutionary 204 conservation and population diversity was found. Figure 4B shows the odds ratios of 205 observing ClinVar risk factor variants in columns classed according to evolutionary 206 conservation and whether they are relatively enriched in missense variants or not and 207 highlights that CME sites are significantly enriched in risk factor variants (OR = 2.27, p = 208 0.004). This is consistent with the previous observation that missense enriched 209 columns were enriched for risk factor variants and that conserved columns showed a 210 tendency toward risk factor enrichment ( Figure 3 ) but the combined effect is much 211 stronger. To our knowledge this is the first time that a feature marking residues pre-212 disposed to carrying risk factor variants has been identified. classified as surface (RSA > 25%), partially exposed (5% < RSA ≤ 25%) or core (RSA ≤ 319 5%).
321
The results of the automated analysis were supplemented by a manual structural 322 analysis using a workflow enabled by the Jalview multiple sequence alignment 323 workbench 35 and the UCSF Chimera molecular graphics program. 36 Jalview feature files 324 identifying the UMD columns were generated. When the feature files were loaded onto 325 the appropriate alignment in Jalview, the residues in the UMD columns were highlighted 326 for the user. Jalview was then used to find PDB structures for the sequences in the 327 alignment that were then visualised in UCSF Chimera. Jalview automatically mapped the 328 UMD residue annotations to the PDB structure so that the residues could be assessed in 329 their structural context. UCSF Chimera was used to identify other residues in the 330 structure that were hydrogen bonded to, or had a Van der Waals distance < 1 Å with, a 331 side-chain atom of any UMD residues present. The residues were then classified 332 according to any contacts made as either: ligand binding, ion binding, inter-domain 333 interaction, intra-domain interaction or surface residue. This analysis found that of 334 those families with UMD residues, 19% had at least one UMD site involved in ligand-335 binding whilst 42% had a site directly involved in domain-domain interactions.
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Code availability 338 The code used in this study will be available from the Barton Group GitHub repository 339 at https://github.com/bartongroup/ on journal publication. The software was not 340 designed for portability and may not function as intended in all environments, but the 341 source code illustrates our methodology. We are currently developing a production 342 version that will enable users to apply our methods to their own alignments to be 343 released in the same repository. Lek Residues that did not map to at least one PDB structure are not counted. For example, 765 UMD residues 559 map to at least one PDB structure and bind a ligand in at least one of these structures whilst 5,579 UMD 560 residues also map to at least one PDB structure but do not bind a ligand in any of them. b. Pfam columns 561 are counted in possession of the row feature if it is observed in any mapped PDB residue that is aligned in 562 the column and are counted as lacking the feature if it is not observed in any of its mapped PDB residues 563 present in the column. Columns that did not contain at least one residue that mapped to a PDB structure 564 were not counted. For example, 156 UMD columns contain at least one residue that maps to a PDB 565 structure that shows the residue is in contact with a ligand whilst 114 UMD columns contain at least one 566 residue that maps to a PDB structure but a ligand interaction is not observed in any mapped structure. 567 Note that the column statistics are not sensitive to family size variability. c. Fisher's test of association 568 between column classification (UMD or UME) and structural property; OR > 1 indicates enrichment of the 569 row feature in the UMD class. For example, the enrichment of ligand binding residues in UMD columns 570 compared to UME columns (OR = 1.20; p = 0.23) is calculated from the contingency [8] 
